Quantum Dot Bioconjugates for Ultrasensitive
min), a ϳ100 nM solution of biotinylated red nanocrystals (30 min), again streptavidin (30 min), then once more with the red biotinylated nanocrystals (30 min) . At least three PBS or Superblock-PBS (Pierce) rinse steps (5 min each) were performed between each incubation. Samples were mounted on microscope slides in PBS.
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Highly luminescent semiconductor quantum dots (zinc sulfide-capped cadmium selenide) have been covalently coupled to biomolecules for use in ultrasensitive biological detection. In comparison with organic dyes such as rhodamine, this class of luminescent labels is 20 times as bright, 100 times as stable against photobleaching, and one-third as wide in spectral linewidth. These nanometer-sized conjugates are water-soluble and biocompatible. Quantum dots that were labeled with the protein transferrin underwent receptor-mediated endocytosis in cultured HeLa cells, and those dots that were labeled with immunomolecules recognized specific antibodies or antigens. (2) (3) (4) . Recent advances have resulted in the large-scale preparation of relatively monodisperse QDs (5-7), the characterization of their lattice structures (4) , and the fabrication of QD arrays (8) (9) (10) (11) (12) and lightemitting diodes (13, 14) . For example, CdSe QDs passivated with a ZnS layer are strongly luminescent (35 to 50% quantum yield) at room temperature, and their emission wavelength can be tuned from the blue to the red wavelengths by changing the particle size (7, 15) . However, these luminescent QDs are prepared in organic solvents and are not suitable for biological application. Additionally, it is unclear how to attach biomolecules to a QD and still maintain their activity.
We have solved these problems by using mercaptoacetic acid for solubilization and covalent protein attachment. When reacted with ZnS-capped CdSe QDs in chloroform, the mer- ZnScapped QDs with a CdSe core size of 4.2 nm were prepared according to the procedure developed by Hines and Guyot-Sionnest (7). The colloidal QDs were dissolved in chloroform and were reacted with glacial mercaptoacetic acid (ϳ1.0 M) for 2 hours. An aqueous phosphate-buffered saline (PBS) solution (pH 7.4) was added to this reaction mixture at a 1:1 volume ratio. After vigorous shaking and mixing, the chloroform and water layers separated spontaneously. The aqueous layer, which contained mercapto-coated QDs, was extracted. Excess mercaptoacetic acid was removed by four or more rounds of centrifugation. The purified QDs were conjugated to transferrin and IgG with the cross-linking reagent ethyl-3-(dimethylaminopropyl)carbodiimide. Standard protocols were followed (16), except the excess proteins were removed by repeated centrifugation. The purified conjugates were stored in PBS at room temperature.
capto group binds to a Zn atom, and the polar carboxylic acid group renders the QDs watersoluble (Fig. 1A) . The free carboxyl group is also available for covalent coupling to various biomolecules (such as proteins, peptides, and nucleic acids) by cross-linking to reactive amine groups (16) . In addition, this mercaptoacetic acid layer is expected to reduce passive protein adsorption on QDs. Transmission electron microscopy (TEM) (Fig. 1B) showed that the solubilization and cross-linking steps did not result in aggregation and that the QD bioconjugates were primarily single particles. This finding was also supported by ultrasensitive optical measurements at the single-dot level. A comparison of color luminescence images that were obtained from the original QDs, the watersoluble QDs, and the protein-conjugated QDs (Fig. 2) indicated that the optical properties of QDs remain unchanged after solubilization and conjugation. Bulk optical measurements (17) also showed that the emission spectra and efficiencies were similar for the original sample (in chloroform) and the water-soluble QDs. The numbers of mercaptoacetic acid and protein molecules per QD have not been determined experimentally. For steric reasons, perhaps only two to five molecules of a 100-kD protein can be attached to a 5-nm QD, which is similar to the number of protein molecules that can be attached to a 5-nm colloidal gold particle (16) .
Several lines of evidence suggest that the observed luminescence signals resulted from spatially isolated single QDs. First, the measured particle density was consistent with the value that was calculated from the sample volume and concentration. Second, the colloidal QDs were not homogeneous in size (ϳ5% variation), and the bulk sample showed a single broad emission peak (7, 15) . However, when individual QDs were examined, discrete luminescence peaks were observed [as seen in a rainbow of luminescence colors (Fig. 2)] . Third, the discrete luminescence signals showed an intermittent on and off behavior, which was similar to the behavior reported for single fluorescent molecules (16, 18 -20) and single CdSe QDs (21, 22) . This "blinking" behavior may seem fascinating from a fundamental point of view but can cause signal intensity fluctuations in ultrasensitive detection. This problem could be overcome by coating QDs with a thicker ZnS layer and by reducing the excitation light intensity (21) .
We further compared the photophysical properties of the QD conjugates with those of common organic dyes. Wavelength-resolved spectra and time-resolved photobleaching data, which were obtained from single QDs as well as bulk materials, are shown in Fig. 3 . The intrinsic QD spectral width [full width at half maximum (FWHM) is 12 nm] is about one-third as wide as that of a fluorescent sphere (FWHM is 35 nm). Furthermore, the QD emission (time constant t 1/2 ϭ 960 s) is nearly 100 times as stable as rhodamine 6G (R6G) (t 1/2 ϭ 10 s) against photobleaching. In this approximate comparison of photobleaching rates, the differences between QD and R6G fluorescence quantum yields were not taken into account. Using wavelengthmatched fluorescent latex spheres as a standard, we estimated that the fluorescence intensity of a single CdSe QD is equivalent to that of ϳ20 rhodamine molecules (23) . This result compares well with that for the fluorescent protein phycoerythrin, which has a fluorescence intensity equivalent to that of 25 R6G molecules but is unstable photochemically (24) . However, for the QD bioconjugates to be broadly useful in ultrasensitive analysis, the attached biomolecules must be active and must be able to recognize specific analytes in a complex mixture.
With covalently attached proteins, we demonstrated that the QDs were biocompatible in vitro and with living cells. Fluorescence images obtained from cultured HeLa cells that had been incubated with mercapto-QDs (control) and with transferrin-QD bioconjugates are The images were directly recorded on color photographic film (ASA-1600) with a 15-s exposure by a 35-mm camera that was attached to a Nikon inverted optical microscope. Samples of dilute QDs were deposited and spread on polylysine-coated glass coverslips, resulting in spatially isolated single QDs on the surface. Continuous-wave excitation at 514.5 nm was provided by an Ar ion laser (Lexel Laser, Fremont, California). A longpass dielectric filter (Chroma Tech, Brattleboro, Vermont) was used to reject the scattered laser light and to pass the Stokes-shifted luminescent photons. A high-numerical-aperture (NA) (1.3), oilimmersion objective was used, and the total laser power at the sample was 50 mW. There are emission color differences among single QDs. photobleaching curve for R6G is shown in detail. Singleparticle spectroscopy was performed with a confocal fluorescence microscope that was attached to a single-stage spectrograph (Model 270M, Spex, Edison, New Jersey) and a thermoelectrically cooled chargecoupled device (CCD) detector (Princeton Instruments, Trenton, New Jersey). Time-resolved data were obtained with a photon-counting avalanche photodiode (SPCM-200, EG&G, Vaudreuil, Canada) and a multichannel scalar (EG&G ORTEC, Oak Ridge, Tennessee) at a 10-Hz data acquisition rate. The half-decay time (t 1/2 ) was determined by fitting the experimental data to an exponential curve. A high concentration of QDs and R6G was used to reduce fluorescence "blinking" and statistical fluctuation.
shown in Fig. 4 . In the absence of transferrin, no QDs were observed inside the cell, and the image resulted from weak cellular autofluorescence. When transferrin was present, receptormediated endocytosis occurred, and the luminescent QDs were transported into the cell (25) . Clearly, the attached transferrin molecules were still active and were recognized by the receptors on the cell surface. As with nanometer-sized colloidal gold, the QD labels did not substantially interfere with ligand-receptor binding or endocytosis.
We also investigated the suitability of QD labels for sensitive immunoassay. The fluorescence images of QD-immunoglobulin G (IgG) conjugates that were incubated with bovine serum albumin (BSA) (0.5 mg/ml) and with a specific polyclonal antibody (0.5 g/ml) are shown in Fig. 5 . The polyclonal antibody recognized the Fab fragments of the immunoglobulin and led to extensive aggregation of the QDs. In contrast, well-dispersed and primarily single QDs were detected in the presence of BSA (26) . This simple experiment showed that the attached immunomolecules can recognize specific antibodies or antigens. The observed aggregation of QDs was similar to latex immunoagglutination, which is a technique that is widely used in clinical diagnostics (27) .
In conclusion, semiconductor QDs have been covalently attached to biomolecules for ultrasensitive detection at the single-dot level. We envision that the improved photostability could allow real-time observations of ligand-receptor interaction and of molecular trafficking in living cells. Also, current combinatorial labeling with traditional organic dyes allows only 25 DNA sequences to be detected simultaneously (28) . Further synthetic efforts may produce sufficiently monodispersed QDs (29) , which should be important toward developing multiplexed detection schemes. When combined with sandwich immunoassay or nucleic acid hybridization, the use of QD probes should open new possibilities in detecting single native biomolecules, such as cytokines and viral RNA. The QD bioconjugates were transported into the cell by receptor-mediated endocytosis and were detected as clusters or aggregates. Luminescence "blinking" was not observed for these clusters because of statistical averaging. The images were obtained with an epifluorescence microscope that was equipped with a high-resolution CCD camera (1.4 million pixels) (Photometrix, Tucson, Arizona) and a 100-W Hg excitation lamp. HeLa cells were grown in a minimum essential medium containing 10% fetal calf serum, 1% antibiotics (penicillin and streptomycin), and fungizone. The cultured cells were incubated overnight with either control QDs or the transferrin conjugates at 37 o C. After repeated washings to eliminate excess QDs, the cells were removed from the petri dish and placed on a glass cover slip for imaging. The trypsin-treated cells had a spherical shape on the cover slip. Cell diameter, ϳ10 m. 
